Two-dimensional kinematics of SLACS lenses: III. Mass structure and
  dynamics of early-type lens galaxies beyond z ~ 0.1 by Barnabe, Matteo et al.
ar
X
iv
:1
10
2.
22
61
v2
  [
as
tro
-p
h.C
O]
  4
 A
pr
 20
11
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 23 October 2018 (MN LATEX style file v2.2)
Two-dimensional kinematics of SLACS lenses – III.
Mass structure and dynamics of early-type lens galaxies
beyond z ≃ 0.1
Matteo Barnabe`1,2⋆, Oliver Czoske2,3, Le´on V. E. Koopmans2, Tommaso Treu4
and Adam S. Bolton5
1Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, 452 Lomita Mall, Stanford, CA 94035-4085, USA
2Kapteyn Astronomical Institute, University of Groningen, PO Box 800, 9700 AV Groningen, the Netherlands
3Institut fu¨r Astronomie der Universita¨t Wien, Tu¨rkenschanzstraße 17, 1180 Wien, Austria
4Department of Physics, University of California, Santa Barbara, CA 93101, USA
5Department of Physics and Astronomy, University of Utah, 115 South 1400 East, Salt Lake City, UT 84112, USA
Accepted 2011 April 04. Received 2011 April 02; in original form 2011 February 11
ABSTRACT
We combine in a self-consistent way the constraints from both gravitational lensing and stel-
lar kinematics to perform a detailed investigation of the internal mass distribution, amount of
dark matter, and dynamical structure of the sixteen early-type lens galaxies from the SLACS
Survey, at z = 0.08 − 0.33, for which both HST/ACS and NICMOS high-resolution imaging
and VLT VIMOS integral-field spectroscopy are available. Based on this data set, we analyze
the inner regions of the galaxies, i.e. typically within one (three-dimensional) effective radius
re, under the assumption of axial symmetry and by constructing dynamical models supported
by two-integral stellar distribution functions (DFs). For all systems, the total mass density dis-
tribution is found to be well approximated by a simple power-law ρtot ∝ m−γ
′ (with m being
the ellipsoidal radius): this profile is on average slightly super-isothermal, with a logarithmic
slope 〈γ′〉 = 2.074+0.043
−0.041 (errors indicate the 68% CL) and an intrinsic scatter σγ′ = 0.144+0.055−0.014,
and is fairly round, with an average axial ratio 〈q〉 = 0.77 ± 0.04. The lower limit for the dark
matter fraction ( fDM) inside re ranges, in individual systems, from nearly zero to almost a
half, with a median value of 12%. By including stellar masses derived from stellar popula-
tion synthesis (SPS) models with a Salpeter initial mass function (IMF), we obtain an average
fDM = 31%, and the corresponding stellar profiles are physically acceptable, with the excep-
tion of two cases where they only marginally exceed the total mass profile. The fDM rises to
61% if, instead, a Chabrier IMF is assumed. For both IMFs, the dark matter fraction increases
with the total mass of the galaxy (correlation significant at the 3-sigma level). Based on the
intrinsic angular momentum parameter calculated from our models, we find that the galaxies
can be divided into two dynamically distinct groups, which are shown to correspond to the
usual classes of the (observationally defined) slow and fast rotators. Overall, the SLACS sys-
tems are structurally and dynamically very similar to their nearby counterparts, indicating that
the inner regions of early-type galaxies have undergone little, if any, evolution since redshift
z ≈ 0.35.
Key words: galaxies: elliptical and lenticular, cD — galaxies: kinematics and dynamics —
galaxies: structure — gravitational lensing
1 INTRODUCTION
Early-type galaxies are among the fundamental constituents of the
local observable Universe, contributing to most of the total stellar
mass (Fukugita, Hogan, & Peebles 1998; Renzini 2006), and it is
therefore only natural that these systems have become the focus of
⋆ E-mail: mbarnabe@stanford.edu
a vast amount of observational and theoretical studies during recent
years.
Understanding the formation and evolution mechanisms that
can generate such a remarkably homogeneous class of objects re-
mains among the most important open questions in present-day as-
trophysics: although the standard scenario according to which mas-
sive ellipticals are built-up via hierarchical merging of disk galaxies
(see e.g Toomre 1977; White & Frenk 1991; Cole et al. 2000) has
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been steadily gaining consensus throughout the last decades, only
recently the progress in high-resolution numerical simulations has
allowed to start investigating in detail the internal structural prop-
erties of realistic systems (e.g. Meza et al. 2003, Naab et al. 2007,
Jesseit et al. 2007, On˜orbe et al. 2007, Gonza´lez-Garcı´a et al. 2009,
Johansson, Naab, & Ostriker 2009, Lackner & Ostriker 2010).
Clearly, in view of these developments, the availability of
stringent observational constraints has become even more cru-
cial. Luckily, at least as far as nearby ellipticals are concerned,
the observational and modelling effort has been very intense
in the past few years. Stellar dynamics represents the most
widely used diagnostic tool (see e.g. Saglia, Bertin, & Stiavelli
1992, Bertin et al. 1994, Franx et al. 1994, Carollo et al. 1995,
Rix et al. 1997, Loewenstein & White 1999, Gerhard et al. 2001,
Borriello et al. 2003, van den Bosch et al. 2008, Thomas et al.
2007, 2009, 2011 and in particular the SAURON project,
de Zeeuw et al. 2002, and the Atlas3D project, Cappellari et al.
2010), although other studies have also successfully employed —
sometimes in combination with stellar kinematics — different
tracers such as planetary nebulae and globular cluster kine-
matics (e.g. Coˆte´ et al. 2003; Romanowsky et al. 2003, 2009;
Coccato et al. 2009; de Lorenzi et al. 2009; Napolitano et al. 2009;
Rodionov & Athanassoula 2011), the occasional H I gas disk or
ring (e.g. Oosterloo et al. 2002; Weijmans et al. 2008), and hot X-
ray gas emission (e.g Matsushita et al. 1998; Fukazawa et al. 2006;
Humphrey & Buote 2010; Das et al. 2010; Churazov et al. 2010).
In general, from these analyses there is mounting evidence that
early-type galaxies are embedded in dark haloes, whose contri-
bution is often significant already inside one effective radius, and
that their total density profiles are roughly isothermal within the in-
ner regions (but not necessarily at larger radii, see de Lorenzi et al.
2009, Dutton et al. 2010).
Ideally, if such studies could be extended to elliptical galax-
ies beyond the local Universe, it would become possible to pro-
vide strong constraints also to the intermediate steps of numeri-
cal simulations throughout redshift, rather than just to their z =
0 end-products. The current observational limitations, unfortu-
nately, make it prohibitively difficult to apply the traditional tech-
niques to distant systems, i.e. at z ≈ 0.1 and beyond. In par-
ticular, the impossibility to reliably measure the higher-order ve-
locity moments needed to disentangle the mass–anisotropy de-
generacy (Gerhard 1993; van der Marel & Franx 1993) constitutes
a serious hindrance for dynamical studies. On the other hand,
however, at higher redshifts strong gravitational lensing (see e.g.
Schneider, Kochanek, & Wambsganss 2006) may become avail-
able as an additional probe, opening up new possibilities to investi-
gate the mass distribution of galaxies.
The main obstacle with this approach, namely the diffi-
culty in discovering a suitable number of early-type galaxies
that also act as strong gravitational lenses, has been remedied
by the Sloan Lens ACS Survey, SLACS (Bolton et al. 2006,
2008a, 2008b, Koopmans et al. 2006, Treu et al. 2006, 2009,
Gavazzi et al. 2007, 2008, Auger et al. 2009, 2010a), which
has yielded a large sample of almost a hundred such objects.
As highlighted by these studies, as well as by a number of
other works (see Treu & Koopmans 2002, Koopmans & Treu
2003, Treu & Koopmans 2004, Rusin & Kochanek 2005,
Jiang & Kochanek 2007, Grillo et al. 2008, Koopmans et al.
2009, Trott et al. 2010, van de Ven et al. 2010, Dutton et al. 2011,
Spiniello et al. 2011), the combination of gravitational lensing
and stellar dynamics provides a particularly powerful and robust
method to determine the total mass density distribution of distant
galaxies.
A potential limitation in the joint analysis of the SLACS
galaxies mentioned above is that all the information about the dy-
namics is extracted from a single data point, i.e. the average stel-
lar velocity dispersion measured within a 3 arcsec diameter aper-
ture, obtained from SDSS spectra. Moreover, the method is not
fully self-consistent, in the sense that axial symmetry is assumed
for the lensing modelling, but not for the dynamical modelling,
which is based on spherical Jeans equations. In order to address
the concerns that these approximations might lead to biased re-
sults, the SLACS data set has been complemented, for about 30
lenses, with extended, two-dimensional kinematic information, ob-
tained either with VLT VIMOS integral field unit (IFU) or from
LRIS Keck long-slit spectroscopic observations (with the slit posi-
tions offset along the galaxy minor axis in order to mimic integral
field capabilities). In addition, we have developed a more rigorous,
self-consistent modelling technique (the cauldron code, based on
the superposition of two-integral distribution functions, see Sect. 3
and Barnabe` & Koopmans 2007), aimed at taking full advantage of
the available data sets for each galaxy, namely the gravitationally
lensed image, the surface brightness distribution and the velocity
moments maps. This makes it possible to recover more accurate
constraints on the slope and the flattening of the total mass den-
sity distribution, to derive information on the dark matter fraction
within the inner regions and to obtain insights on the global and
local dynamical status of the system, so that this analysis consti-
tutes, to a good extent, the higher redshift analogue of the detailed
studies that are routinely carried out on local ellipticals. We have
applied this method to half a dozen SLACS galaxies with VIMOS
observations (Czoske et al. 2008; Barnabe` et al. 2009a), as well as
to one of the Keck systems (Barnabe` et al. 2010). In this paper, we
extend this in-depth analysis to the full sample of SLACS early-
type lenses with available VIMOS IFU spectroscopy (we refer to
Czoske et al. 2011, in preparation, for a comprehensive description
of the complete data set), a total of 16 systems at redshift z = 0.08
to 0.35, and covering a wide range in mass and angular momen-
tum. We also make use of stellar masses derived from SPS models
(Auger et al. 2009) to impose further constraints on the luminous
distribution and estimate the contribution of the dark matter com-
ponent.
This paper is organized as follows: in Section 2 we provide
an overview of the available data-sets. In Section 3, after recall-
ing the basic features of the method for the combined analysis of
the adopted model, we present the main results of the study of the
SLACS lenses mass density profiles. The mass structure of the an-
alyzed galaxies, in terms of luminous and dark matter components,
is described in Section 4, while Section 5 deals with the recovered
dynamical structure of the systems. We discuss our findings in Sec-
tion 6 and we briefly summarize the main conclusions in Section 7.
Throughout this paper we adopt a concordance ΛCDM model de-
scribed by ΩM = 0.3, ΩΛ = 0.7 and H0 = 100 h km s−1 Mpc−1 with
h = 0.7, unless stated otherwise.
2 OBSERVATIONS
The joint lensing/dynamics analysis requires three types of input
data: (i) high-resolution images are used to trace the surface bright-
ness of the gravitationally lensed background galaxies; (ii) near-
infrared images provide the surface brightness distribution of the
stars in the lens galaxies; (iii) integral-field spectroscopic observa-
c© 0000 RAS, MNRAS 000, 000–000
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tions are used to derive two-dimensional maps of systematic veloc-
ity and velocity dispersion of the stars in the lens galaxies.
2.1 Imaging
High-resolution images of the lens systems in the sample were ob-
tained with Advanced Camera for Surveys (ACS) on the Hubble
Space Telescope (HST). We use images taken through the F814W
filter. Deep images are available for eight of the systems, while
for the remaining nine only single-exposure snapshot images are
available. The pixel scale of the images is 0.05 arcsec. The struc-
ture of the gravitationally lensed background images was isolated
by subtracting elliptical B-spline models of the lens galaxies’ light
distribution (Bolton et al. 2008a).
NICMOS F160W images were used to obtain the surface
brightness of the lens galaxies. In order to serve as luminosity
weights to the kinematic maps, the images were matched in reso-
lution to the spectroscopic observations (0.8 arcsec) and resampled
from the original pixel scale of 0.05 arcsec to the pixel grid of the
kinematic maps (0.67 arcsec). For three systems no NICMOS ob-
servations were available. In these cases, the lens surface brightness
was obtained from the B-spline fits to the F814W images.
2.2 Spectroscopy
Two-dimensional spectroscopy of seventeen systems was obtained
with the integral-field unit of VIMOS on the VLT1. Three sys-
tems (J0037, J0912 and J2321) were observed with the HR-Blue
grism(4000 − 6200 Å)2 , while the remainder were observed with
the HR-Orange grism (5000 − 7500 Å)3. The field of view of
27′′ × 27′′ was sampled with 40 × 40 spatial elements with a scale
of 0.67 arcsec, the spectral resolution is R ≈ 2500 (corresponding
to a velocity resolution of ∆v ≈ 90 − 110 km s−1 FWHM in the
rest frame of the lens galaxies). Two-dimensional maps of system-
atic velocity (with respect to the mean redshift of the lens galaxy)
and velocity dispersion were measured by fitting stellar templates
convolved with Gaussian line-of-sight velocity distributions to the
spectra from spatial elements with a sufficient signal-to-noise ratio
(S/N > 8 per spectral element of 0.644 Å).
A full description of the sample, observations, data reduction
and the resulting kinematic maps is given in a companion paper
(Czoske et al. 2011, in preparation).
3 COMBINED LENSING AND DYNAMICS ANALYSIS
In this Section — after recalling the adopted modelling assumptions
and the salient features of the method employed to self-consistently
combine lensing and dynamics constraints — we present the core
results of the study of the full sample of sixteen SLACS early-type
lens galaxies for which data sets including both high-resolution
imaging and VIMOS integral field spectroscopy are available.
The theoretical framework of the joint lensing and dynamics
analysis and the implementation of the method (i.e., the cauldron
1 One of the lens systems observed with VIMOS IFU, SDSS J1250−0135
(identified as a late-type galaxy with morphological type S0/SA), has been
excluded from the sample examined in this work due to its spiral arms par-
tially appearing in the lens-subtracted image, severely hindering an accurate
lensing analysis.
2 ESO programme 075.B-0226, P.I.: L. Koopmans
3 ESO programme 177.B-0682, P.I.: L. Koopmans
code) are described in full detail in Barnabe` & Koopmans (2007,
hereafter BK07), to which we refer the interested reader.
3.1 Method overview
We describe the total mass density distribution of the lens galaxy as
ρ(x; η), where the vector x denotes the spatial coordinates and η is
a set of parameters that characterizes the density profile. The cor-
responding total gravitational potential, Φ(x), is calculated via the
Poisson equation and utilized for both the gravitational lensing and
the stellar dynamics modelling of the data set. By employing a pix-
elated source reconstruction method (see e.g. Warren & Dye 2003,
Koopmans 2005, Suyu et al. 2006) for the lensing and some flavour
of the Schwarzschild orbit superposition method (Schwarzschild
1979; see Thomas 2010 for a review of the developments of this
technique) for the dynamics, both these modelling problems can be
formally written in an analogous way as a set of regularized linear
equations, for which robust solving techniques are readily available
(see e.g. Press et al. 1992).
Clearly, for any given set of observations, the ultimate goal
of the analysis is to determine the set of η parameters that generate
the ‘best’ density model, i.e. the most plausible in an Occam’s razor
sense. This can be achieved by embedding the linear optimization
scheme within the framework of Bayesian inference, which pro-
vides an objective way to quantify the probability of each model
given the data (see e.g. MacKay 1999, 2003). The best model is
thus the maximum a posteriori (MAP) model, i.e. the one that max-
imizes the joint posterior probability density function (PDF).
While this method is very general, allowing in principle for
any density distribution, in its current implementation — the caul-
dron algorithm — we make further assumptions in order to achieve
the computational efficiency that is needed for a thorough explo-
ration of the parameter space. Within the cauldron code, there-
fore, galaxies are modelled as axially symmetric systems, i.e.
ρ(R, z), whose dynamics are described by a two-integral distribu-
tion function (DF) f = f (E, Lz) which depends on the two clas-
sical integrals of motions, the energy E and the angular momen-
tum along the rotation axis Lz. This makes it possible to con-
struct dynamical models in a matter of seconds, by means of a
fast Monte Carlo numerical implementation developed by BK07
of the two-integral Schwarzschild method originally introduced by
Cretton et al. (1999) and Verolme & de Zeeuw (2002), which em-
ploys two-integral components (TICs), rather than the commonly
used stellar orbits, as dynamical building blocks. TICs can be
viewed as elementary stellar systems completely specified by a par-
ticular choice of E and Lz; they are characterized by analytic radial
density distributions and (unprojected) velocity moments, which
makes them convenient and (compared to orbits) computationally
inexpensive building blocks.
Remarkably, the applicability of the code is not too severely
limited by the assumptions mentioned above: as shown in
Barnabe` et al. (2009a), cauldron has been successfully tested for
robustness by applying it to a complex system obtained from a nu-
merical N-body simulation of a merger process, which obviously
departs from the condition of axisymmetry. Nevertheless, several
important global properties of the system (particularly the total den-
sity slope and, when rotation is visible in the kinematics maps, the
angular momentum and the ratio of ordered to random motions)
are recovered quite reliably, typically within 10 to 25 per cent of
the true value.
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3.2 The galaxy model
We model the total mass density profile of the lens galaxy with an
axially symmetric power-law distribution,
ρ(m) = ρ0
mγ
′ , (1)
where ρ0 is a density scale, γ′ is the logarithmic slope of the profile,
and the ellipsoidal radius m is defined as
m2 ≡
R2
a20
+
z2
a20q2
; (2)
here a0 denotes the arbitrary length-scale and q is the axial ratio
(q = 1 for a spherical galaxy, while oblate systems have 0 6 q < 1).
The corresponding gravitational potential is obtained by apply-
ing the Chandrasekhar (1969) formula for homoeoidal density dis-
tributions and can be written as a rather simple expression (cf.
Barnabe` et al. 2009a) that just requires the computation of a one-
dimensional integral.
Despite its simplicity, the power-law model (typically with a
slope close to the isothermal case, i.e. γ′ = 2) provides a good
description of the total mass distribution of early-type galaxies
over a large radial range, as reported by previous analyses of
the SLACS systems (Koopmans et al. 2006; Gavazzi et al. 2007;
Czoske et al. 2008; Barnabe` et al. 2009a; Koopmans et al. 2009;
Auger et al. 2010a), as well as a number of stellar dynamics (e.g.
Gerhard et al. 2001), gravitational lensing (e.g. Dye et al. 2008;
Tu et al. 2009) and X-ray studies (e.g. Humphrey & Buote 2010)
of ellipticals.
Three physical parameters (the non-linear parameters η, in the
notation of Sect. 3.1) characterize the power-law model: the loga-
rithmic density slope γ′, the axial ratio q and the lens strength α0,
a dimensionless quantity directly related to the normalization of
the potential well (see Appendix B of BK07). Furthermore, four
‘geometrical’ parameters are needed to describe the observed con-
figuration of the lens galaxy in the sky, i.e. the inclination angle i
(with i = 90◦ being an edge-on system), the position angle and the
sky-coordinates of the centre of the system. Luckily, the last three
parameters are well constrained by the surface brightness distribu-
tion of the lens galaxy and of the lensed images. Therefore, after
determining their values by means of fast preliminary explorations,
we maintain them fixed during the computationally expensive opti-
mization and error analysis runs.
The level of regularization, which controls the smoothness in
the reconstructed background source and TIC weight maps, is set
through three additional non-linear parameters, usually known as
hyper-parameters (see Suyu et al. 2006 and BK07 for a more tech-
nical explanation). The optimal values of the hyper-parameters are
also found via maximization of the joint posterior PDF.
3.3 Bayesian inference and uncertainties
For our analysis we follow the standard Bayesian framework de-
scribed by, e.g., MacKay (2003) involving multiple levels of infer-
ence; here we summarize the main steps involved in this approach,
referring the interested reader to BK07 for a detailed explanation
of the method.
Let us denote the combined data set as d, the noise in the
data as n and the considered hypothesis (i.e. the adopted model)
as H(η), where the non-linear parameters η are the physical and
geometrical quantities (such as the density slope, axial ratio, lens
strength and inclination angle) that characterize the model. At the
first level of inference, the model is assumed to be true (i.e. we fix
one choice for the set of η parameters) and we aim to solve for w
the linear problem
d = Aw + n , (3)
where w are the linear parameters — namely, the surface brightness
distribution of the lensed background source and the weights of the
dynamical building blocks — being mapped onto the observables
by the operator A = A[H(η)]. The construction of the mapping
operator A for both the lensing and dynamics modelling constitutes
the core of the cauldron code, and is described in BK07. From
Bayes’ theorem, the posterior probability of the parameters w given
the data is written as
Pr(w | d, µ, η) = Pr(d |w, η) Pr(w | µ)
Z1
, (4)
where the probability Pr(d |w, η) is the likelihood and Pr(d |w, η)
represents the prior. Here, we adopt as prior a curvature regular-
ization function that describes the degree of smoothness that we
expect to find in the solution; the amount of regularization to be ap-
plied is set by the value of the so-called ‘hyper-parameter’ µ. The
evidence Z1 = Pr(d | µ, η) =
∫
Pr(d |w, η) Pr(w | µ) dw is simply a
normalization constant in Eq. (4), but it becomes important at the
upper level of inference, where it appears as the likelihood. The set
of parameters wMAP that maximizes the posterior can be obtained
by means of standard linear optimization techniques.
Analogously, at the second level of inference the η parameters
are still maintained fixed and the posterior probability of the hyper-
parameter is
Pr(µ | d, η) = Pr(d | µ, η) Pr(µ)
Z2
; (5)
here we adopt a scale invariant prior Pr(µ) ∝ 1/µ (uniform in log)
to formalize our ignorance of the order of magnitude of the hyper-
parameter.
Finally, at the third level of inference we can compare the dif-
ferent models by studying the posterior probability distribution of
the set of non-linear parameters η,
Pr(η | d) = Pr(d |η) Pr(η)
Z3
, (6)
and infer the parameters ηMAP for which the posterior is maxi-
mized. For each galaxy, the corresponding MAP model consti-
tutes the ‘best model’, meaning the most plausible joint set of
model parameters given the data, and therefore throughout the pa-
per we present the reconstructed observables, background source,
TIC weights maps and inferred quantities that are obtained with the
choice η = ηMAP. As prior function Pr(η), we initially adopt very
broad uninformative uniform priors: for the logarithmic slope we
consider the interval γ ∈ [1, 3]; for the lens strength α0 ∈ [0, 1]; the
inclination can assume all the values i ∈ [0◦, 90◦]; finally, the axial
ratio q ∈ [0, 1.5] can account for all the flattenings between a thin
disk and a very prolate distribution. Fast preliminary exploration
runs then permit us to select, for each system, narrower priors that
remain, however, generously non-restrictive (i.e. they contain the
bulk of the posterior and a wide margin of safety all around it).
The uncertainties on each individual parameter ηk are obtained
by marginalizing the posterior PDF over all other parameters. We
refer to the parameter value that corresponds to the maximum of
the k-th one-dimensional marginalized distribution as ηk,max. In this
context, it is important to note that, in general, ηMAP and ηmax do not
coincide and can actually differ significantly. In other words, the
MAP parameters individually are not guaranteed to be probable:
although the MAP solution corresponds by definition to the highest
c© 0000 RAS, MNRAS 000, 000–000
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value of the joint posterior PDF, it does not necessarily occupy a
large volume in the multivariate parameter space and could easily
lie outside of the bulk of the posterior PDF if the distribution is
strongly non-symmetric.
The computationally expensive task of exploring the poste-
rior distribution Pr(η | d) is accomplished by making use of the
very efficient and robust MultiNest algorithm (Feroz & Hobson
2008; Feroz et al. 2009), which implements the ‘nested sampling’
Monte Carlo technique (Skilling 2004; Sivia & Skilling 2006), and
can provide reliable posterior inferences even in presence of multi-
modal and degenerate multivariate distributions. For the analysis of
the SLACS lenses, we launch MultiNest with 200 live points (the
live or active points are the initial samples, drawn from the prior
distribution, from which the posterior exploration is started) to ob-
tain the individual marginalized posterior PDFs of the non-linear
parameters i, α0, γ and q. In the following, unless stated otherwise,
we quote the 99 per cent confidence intervals (calculated such that
the probability of being below the interval is the same as being
above it) obtained from these distributions as our uncertainty on
the parameters.
3.4 Results
The cauldron code has been applied to the analysis of all six-
teen lens galaxies for which VIMOS integral-field spectroscopic
data are available. These objects are all early-type galaxies, with
the exception of J1251−0208, which is morphologically classified
by Auger et al. (2009) as a late-type galaxy. We include the lat-
ter in the E/S0 sample studied in this paper, since it is a bulge-
dominated system which was spectroscopically selected from the
SDSS using the same criteria — optimized to detect bright early-
type lens galaxies — adopted for the other objects (see Bolton et al.
2005, 2006). For six of the systems, the results of the combined
lensing and dynamics study were reported in previous publications
(Czoske et al. 2008; Barnabe` et al. 2009a). However, updated and
extended kinematic maps are available for J2321 and therefore we
have re-analyzed that galaxy.
Table 1 lists, for each galaxy, the recovered non-linear param-
eters for the MAP model, i.e. the inclination i, the lens strength α0,
the logarithmic slope γ′ and the axial ratio q of the total density
distribution. The reconstructed observables corresponding to this
model are presented and compared to the data sets in Appendix A
(available in the online version of the journal), where also the re-
covered unlensed background source is shown; the MAP model
reconstruction of the weighted DF is presented in Sect. 5, where
we study the dynamical structure of the lens galaxies. None of the
galaxies requires external shear to be added to the model.
The marginalized posterior PDFs for the non-linear model pa-
rameters — which quantify the statistical uncertainties on those pa-
rameters (see Sect. 3.3) — are presented in Appendix B (available
in the online version of the journal) for all sixteen galaxies in the
sample4. In Table 1 we also indicate, as a compact description of
the errors, the parameter values which correspond to the maximum
4 The error analysis for the galaxies studied in Barnabe` et al. (2009a) was
performed using a less robust implementation of the nested sampling tech-
nique. For consistency, the posterior distributions for those systems have
been re-analyzed here using the more robust MultiNest algorithm. The re-
vised confidence intervals are found to be wider, as a consequence of the
improved parameter space exploration.
redshift
γ’
 1.5
 2
 2.5
 0  0.1  0.2  0.3  0.4
Figure 1. The logarithmic slope of the total density profile plotted against
redshift for the sixteen early-type lens galaxies in the ensemble. The error
bars are calculated by considering the region of the marginalized posterior
PDF for γ′ (see Figure B1) which contains 99 per cent of the probability.
The blue line indicates the slope γ′ = 2, corresponding to the isothermal
profile, while the dashed black line denotes the average slope 〈γ′〉 = 2.07 for
the sample. The grey band region visualizes the intrinsic scatter of about 7
per cent in γ′ (see text for details).
of the marginalized posterior distributions (subscript ‘max’) and the
limits of the 99 per cent confidence intervals.
All the observables are, in general, accurately reproduced
within the noise level. In particular, the lensed image residual maps
do not exhibit the prominent structured patterns that can be seen
when the method is applied to complex simulated systems, as in
the Barnabe` et al. (2009b) tests, thus indicating that the underly-
ing density distribution of real ellipticals is fairly smooth and well-
behaved, and can be satisfactorily modelled by the axisymmetric
power-law profile of Eq. (1).
The reconstructed background sources generally appear as
simple and smooth systems dominated by a single component, but
a few of them display a more complex morphology or fainter sec-
ondary components. To understand this, we recall that the SLACS
candidates are spectroscopically selected from the SDSS database
by identifying those systems which have composite spectra consist-
ing of both an absorption-dominated continuum (due to the fore-
ground galaxy) and multiple nebular emission lines at a higher
redshift (due to the background object), which directly trace star
formation (see Bolton et al. 2006). Therefore, the background ob-
jects tend to be actively star-forming galaxies which, in the typical
redshift range where the sources are located, i.e. 0.4 . z . 0.8,
can sometimes be late-type systems characterized by clumpy, ir-
regular and flocculent appearances (cf. e.g. Zamojski et al. 2007;
Elmegreen et al. 2009).
The complicated and patchy morphology of certain sources
(as in the case of SDSS J2303 or, more conspicuously, of the
SLACS lens SDSS J0728 analyzed in Barnabe` et al. 2010) as well
as the presence of multiple sources almost adjacent to each other
(e.g. SDSS J1251, SDSS J2321) can thus be interpreted as dis-
tinct star-forming regions within the same galaxy. Analogously, the
small clumps observed in SDSS J1250 can likely be identified as
bright blue star-forming regions that are observed within an inter-
acting system with a tidal tale.
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Table 1. Recovered parameters for the sixteen sample SLACS lens galaxies.
Galaxy name zlens zsrc
ηMAP ηmax
γ′ α0 q i γ′ α0 q i
SDSS J0037−0942 0.1955 0.6322 1.968 0.434 0.693 65.5 1.969+0.014
−0.051 0.433
+0.018
−0.009 0.694
+0.047
−0.041 65.4
+2.6
−0.9
SDSS J0216−0813 0.3317 0.5235 1.973 0.344 0.816 70.0 1.972+0.035
−0.077 0.344
+0.018
−0.012 0.818
+0.065
−0.061 69.5
+6.3
−2.2
SDSS J0912+0029 0.1642 0.3240 1.877 0.412 0.672 87.8 1.880+0.035
−0.016 0.413
+0.005
−0.004 0.670
+0.021
−0.026 87.6
+0.4
−1.6
SDSS J0935−0003 0.3475 0.4670 2.285 0.225 0.982 34.8 2.280+0.072
−0.056 0.228
+0.013
−0.019 0.982
+0.033
−0.124 34.0
+2.3
−2.8
SDSS J0959+0410 0.1260 0.5349 1.873 0.323 0.930 80.4 1.869+0.013
−0.024 0.325
+0.009
−0.008 0.920
+0.029
−0.035 80.8
+1.9
−1.5
SDSS J1204+0358 0.1644 0.6307 2.226 0.399 1.000 65.2 2.223+0.057
−0.074 0.382
+0.020
−0.011 0.986
+0.028
−0.104 65.8
+6.3
−3.4
SDSS J1250+0523 0.2318 0.7953 2.131 0.339 0.771 29.1 2.134+0.025
−0.074 0.336
+0.021
−0.011 0.772
+0.054
−0.133 28.4
+3.9
−6.0
SDSS J1251−0208 0.2243 0.7843 1.925 0.244 0.796 85.6 1.924+0.009
−0.030 0.245
+0.005
−0.006 0.805
+0.018
−0.046 85.4
+1.6
−2.9
SDSS J1330−0148 0.0808 0.7115 2.276 0.155 0.414 74.3 2.280+0.039
−0.037 0.154
+0.008
−0.012 0.414
+0.018
−0.073 75.3
+1.9
−1.7
SDSS J1443+0304 0.1338 0.4187 2.435 0.149 0.698 71.5 2.431+0.069
−0.076 0.150
+0.020
−0.021 0.682
+0.042
−0.085 71.8
+2.5
−1.0
SDSS J1451−0239 0.1254 0.5203 2.053 0.332 0.999 40.8 2.028+0.030
−0.019 0.337
+0.003
−0.007 0.997
+0.012
−0.055 40.8
+1.9
−3.0
SDSS J1627−0053 0.2076 0.5241 2.122 0.369 0.851 56.4 2.123+0.029
−0.016 0.369
+0.004
−0.011 0.853
+0.014
−0.040 55.8
+1.1
−1.2
SDSS J2238−0754 0.1371 0.7126 2.088 0.362 0.781 79.8 2.098+0.022
−0.053 0.358
+0.011
−0.005 0.767
+0.042
−0.067 79.1
+1.1
−2.2
SDSS J2300+0022 0.2285 0.4635 1.921 0.349 0.642 59.4 1.923+0.033
−0.043 0.344
+0.007
−0.004 0.622
+0.034
−0.012 58.7
+4.0
−1.9
SDSS J2303+1422 0.1553 0.5170 2.102 0.436 0.642 89.1 2.098+0.030
−0.004 0.437
+0.003
−0.007 0.644
+0.004
−0.033 85.9
+3.5
−0.8
SDSS J2321−0939 0.0819 0.5324 2.058 0.467 0.744 67.3 2.059+0.013
−0.066 0.468
+0.009
−0.003 0.744
+0.029
−0.011 67.5
+2.1
−2.0
Note. The non-linear η parameters are: the logarithmic slope γ′; the dimensionless lens strength α0; the axial ratio q and the inclination i (in degrees) with
respect to the line-of-sight. Columns 4 to 7 list the MAP parameters, i.e. the parameters that maximize the joint posterior distribution (‘best model’ parameters).
Columns 8 to 11 encapsulate a description of the one-dimensional marginalized posterior PDFs (shown as histograms in Appendix B in the online version of
the journal): ηmax is the maximum of that distribution and the indicated errors represent the lower and upper limits of the 99 per cent confidence interval.
Figure 2. Joint posterior probability for γ′c and σγ′ (see Eq. [7]). The cross
marks the position of the joint maximum. The three contours correspond
to the posterior ratios P/Pmax = e−∆χ˜
2/2
, with ∆χ˜2 = 1, 4, 9. The contours
are only for indication: formally, they can be interpreted as 1, 2 and 3σ
contours only for a (multivariate) Gaussian distribution, in which case χ˜2
represents the usual chi-square.
3.4.1 The slope of the density profile
By examining the recovered values for the logarithmic slope of the
total density distribution, we find no evidence of evolution of γ′
with redshift within the probed range (z = 0.08 to 0.35), confirming
the results of Koopmans et al. (2009) and Auger et al. (2010a) on
the full SLACS sample (see Figure 1). Moreover, from the same
Figure, we also see that, while almost all systems have a nearly (i.e.
within 10 per cent) isothermal profile, very few of them exhibit a
slope that is actually consistent with γ′ = 2 within the uncertainties.
We now proceed to study in a more quantitative way the dis-
tribution of density slopes for the ensemble at hand. Under the as-
sumption that the slope γ′i (with a symmetrized 1σ error δγ′i ) of
each lens system is drawn from a parent Gaussian distribution of
centre γ′c and standard deviation σγ′ , the joint posterior probability
P of these two parameters for the sample is given by
P = Pr(γ′c, σγ′ | {γ′i }) ∝ p(γ′c, σγ′ )
∏
i
exp
[
−
(γ′i−γ′c)2
2(σ2
γ′
+δγ′i
2)
]
√
2π(σ2
γ′
+ δγ′i
2)
, (7)
where p(γ′c, σγ′ ) indicates the prior, for which we adopt a uni-
form distribution5. This probability function, visualized in Figure 2,
yields the average logarithmic density slope
5 Since the results are essentially data driven, the specific choice of the
prior distribution is largely irrelevant. If, for instance, we adopt a scale-
invariant Jeffreys prior p ∝ 1/σγ′ (which indicates the absence of a priori
information on the scale of σγ′ ) the recovered MAP value for σγ′ differs
less than 4 per cent from the value obtained above with p = constant.
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Figure 3. Axial ratio q of the total density distribution plotted against the
intrinsic axial ratio q∗ of the luminous distribution. For each galaxy, q∗ is
calculated by deprojecting the observed isophotal axis ratio q∗,2D , using the
recovered MAP value of the inclination. The dashed line corresponds to
q = q∗. Red and blue symbols denote, respectively, slow and fast rotators.
〈γ′〉 = 2.074+0.043−0.041 (68% CL),
which is slightly super-isothermal. This result is consistent with
the value of 〈γ′〉 determined by the Koopmans et al. (2009) and
Auger et al. (2010a) combined lensing and dynamics analysis of
the full SLACS sample (which does not include two-dimensional
kinematic information), using spherical Jeans equations and assum-
ing an isotropic stellar velocity dispersion tensor.
The intrinsic scatter around the average slope, also derived
from the posterior distribution of Eq. (7), is
σγ′ = 0.144+0.055−0.014 (68% CL),
which corresponds to 6.9+2.7
−0.6 per cent of 〈γ′〉, and is displayed
in Figure 1 as a grey band. This value is only marginally
lower than the intrinsic scatter of about 10 per cent obtained by
Koopmans et al. (2009) and Auger et al. (2010a), and the two σγ′
are consistent within the errors.
3.4.2 The flattening of the density profile
All the analyzed galaxies — with the exception of SDSS J1330 —
are found to be in the range between moderately flattened and per-
fectly spherical, with a total density axial ratio 0.6 < q 6 1.0.
The ensemble-average axial ratio, obtained from the joint posterior
probability as described in Sect. 3.4.1, is
〈q〉 = 0.770+0.042−0.041 (68% CL),
with a quite substantial intrinsic scatter of about 19 per cent around
this value:
σq = 0.148+0.049−0.019 (68% CL).
The three roundest galaxies in the sample, and the only
ones consistent with being spherical, are all slow rotators (see
Emsellem et al. 2007, and Sect. 5.2 for our definition of slow and
fast rotating systems based on the specific angular momentum).
The system SDSS J1330, which is peculiar for its remarkably flat-
tened axial ratio q ≃ 0.4, also bears the distinction of being the
least massive object and one of the only five fast-rotating galaxies
in the sample. Fast rotators, however, are not necessarily very flat-
tened: SDSS J0959, for instance, is found to be almost spherical,
with q = 0.9.
In Figure 3, q is compared to the intrinsic (i.e. three-
dimensional) axial ratio of the luminous distributions, q∗, calcu-
lated as
q∗ =
√
1 − (1 − q2
∗,2D)/sin2i , (8)
where q∗,2D is the observed isophotal axial ratio and i indicates the
recovered MAP value for the inclination. For most systems, the
flattening of the luminous distribution is consistent or very similar
(i.e. within ∼ 10 per cent) to the flattening of the total distribu-
tion; we note that this does not necessarily imply that mass fol-
lows light as the total and luminous radial density profiles could
be very different. Only three galaxies exhibit a significant discrep-
ancy, all of them in the sense of having a total axial ratio much
rounder than the luminous one, i.e. q/q∗ & 1.4. Of these systems,
two (SDSS J0959 and SDSS J1251) are fast rotators, whereas the
third one, SDSS J0935, is a very massive slow rotator (and the most
massive galaxy in the whole sample, cf. Sect. 4). Out of the remain-
ing fast rotating galaxies, SDSS J1443 shows q/q∗ ≃ 1.2, while
SDSS J1330 and SDSS J2238 are slightly rounder in the total distri-
bution but still consistent with q = q∗. In conclusion, from the small
sample at hand, we find that fast rotators tend to be more flattened
in the stellar mass distribution than in the total density distribution
(i.e., q is at least as round as q∗, and generally rounder).
4 MASS STRUCTURE
4.1 Total mass
For each galaxy, the (spherically averaged) total mass profile cor-
responding to the best reconstructed model is calculated from the
density distribution of Eq. (1), and shown as the solid black curve
in Figure 4. The vertical lines indicate, for reference, the location of
the (two-dimensional) effective radius Re, the Einstein radius REinst
and the outermost radius Rkin probed by the kinematic data set. For
most systems the kinematic maps extend up to and beyond the half-
light radius, providing strong constraints within this region, and in
all cases (with the exception of SDSS J0912) Rkin exceeds at least
Re/2.
While REinst and Rkin provide useful yardsticks to compare the
data coverage in different systems, it should be noted that the ob-
servational constraints to the mass models are not strictly limited
to these radial values since, as discussed in Czoske et al. (2008),
the data sets also include the contribution of more distant galaxy
regions that are located along the line-of-sight.
The analyzed sample spans almost two orders of magnitude in
mass: the total mass Mtot,e enclosed within the three-dimensional
radius r = Re, hereafter denoted as re for brevity, ranges from a few
1010 M⊙ for the two smallest systems SDSS J1330 and SDSS J1443
to the almost 1012 M⊙ of SDSS J0216 and SDSS J0935, with most
of the galaxies falling in the range 1 − 3 × 1011 M⊙ (see Table 2).
There is some evidence (non-zero slope with about 2-sigma
significance) for a slight anti-correlation between the total mass
Mtot,e and γ′ (see Figure 5, upper panel, and Table 3), i.e. the to-
tal density slope tends to be steeper for the least massive systems.
The most notable outlier is SDSS J0935, which, despite being the
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most massive galaxy in the sample, has a γ′ comparable to that
of the two systems with Mtot,e < 1011 M⊙. We also find a cor-
relation (with similar significance) between γ′ and the quantity
log(Mtot,e/r3e ), which is a proxy for the average total mass density
inside the three-dimensional radius re (Figure 5, lower panel). This
trend is in agreement with the findings of Auger et al. (2010a), who
observe a relatively tight correlation between γ′ and the central sur-
face mass density of the full SLACS sample.
We note that the covariance between γ′ and Mtot,e is generally
very small. In fact, for a given Einstein mass and radius, the de-
pendence on the slope of the total mass Mtot(r) enclosed inside the
three-dimensional radius r is least in the region where r/REinst ≃ 2.
For most of the galaxies in our sample, the ratio Re/REinst is not
far from that value, so that the 1-sigma uncertainty on γ′ usually
translates into a mass change of less than 1 per cent (and even in
the case of J0935, which has Re/REinst ≃ 5, it only reaches about 4
per cent, i.e. less than 0.02 in dex).
4.2 Luminous mass and dark matter content
The radial profile for the luminous component is obtained from
the best reconstructed stellar DF. However, since the adopted mod-
elling approach treats the stellar distribution as a tracer embedded
in the total potential, the normalization of the luminous profile re-
mains unconstrained, and further assumptions (§ 4.2.1) or addi-
tional information (§ 4.2.2) are therefore necessary to set its scale
and determine the contribution of the dark matter component at dif-
ferent radii.
4.2.1 Dark matter fraction: constraints from the maximum bulge
approach
When additional information on the normalization is unavailable,
the most straightforward approach consists in maximally rescaling
the luminous profile under the physical constraint that it does not
exceed the total mass distribution at any point, and the assumption
that the stellar mass-to-light ratio is fairly position-independent.
This procedure is known as the minimum halo or maximum bulge
hypothesis, and is the analogue for early-type galaxies of the clas-
sical maximum disk hypothesis (van Albada & Sancisi 1986) rou-
tinely adopted in the study of late-type galaxies. It is frequently
employed (see e.g. Barnabe` et al. 2009a and Weijmans et al. 2009
for recent applications) since it provides a consistent and robust
method to determine a conservative lower limit for the dark matter
fraction in the galaxy, within the considered region.
The (spherically averaged) luminous mass profiles obtained
under the maximum bulge hypothesis are presented as dashed black
lines in Figure 4. Let Mmb∗,e denote the corresponding stellar mass
enclosed inside the spherical radius re. We see that the lower limit
for the (three-dimensional) fraction of dark over total mass within
that radius, defined as fDM ≡ 1 − Mmb∗,e /Mtot,e, varies very signif-
icantly from system to system (cf. Table 2): three of the galax-
ies, SDSS J1443, SDSS J1204 and SDSS J2303, show a dark matter
lower limit fDM < 5 per cent within the probed region, whereas —
on the opposite end — several galaxies require at least one fifth of
the total mass enclosed within re to be dark, with a peak of 46 per
cent for SDSS J1251. The average and median of the dark matter
fraction lower limits for the sample, obtained under the maximum
bulge approach, are, respectively, fDM = 16 and 12 per cent.
The stellar mass-to-light ratios (in the B-band) corresponding
to the maximal luminous profiles are in the range 3 < M∗/L⊙,B <
log [ Mtot,e / 1010 Msun ]
γ’
 1.5
 2
 2.5
 0  0.5  1  1.5  2
log [ (Mtot,e re-3) / (108 Msun kpc-3) ]
γ’
 1.5
 2
 2.5
 0  0.5  1  1.5  2
Figure 5. Logarithmic slope of the total density profile γ′ against the total
mass enclosed within the three-dimensional radius re (upper panel) and the
average total mass density inside re (lower panel). The solid black line is a
linear fit to the relation (including scatter), and the gray band indicates the
intrinsic scatter.
10, fully consistent with the values determined for local early-
type galaxies (see e.g. Kronawitter et al. 2000 Gerhard et al. 2001,
Trujillo, Burkert, & Bell 2004, Mamon & Łokas 2005). However,
when taking into account passive stellar evolution, galaxies at
higher redshift are expected to have smaller M∗/L⊙,B than their
local counterparts (an effect that becomes significant already at
z & 0.1, see Treu et al. 2002).
4.2.2 Dark matter fraction: constraints from stellar mass
estimates
While calculating a lower limit for the dark matter content is use-
ful, galaxies need not have maximal bulges. We therefore set the
scale for the luminous mass profiles by adopting, for each system,
the stellar mass inferred from stellar population synthesis models,
assuming either a Chabrier (2003) or a Salpeter (1955) IMF. We
use stellar mass values taken from the stellar population analy-
sis performed by Auger et al. (2009) on a data set constituted by
deep, high-resolution, multi-band HST observations of the SLACS
lenses.
The spherically averaged luminous mass profiles obtained in
this way are presented in Figure 4. Figure 6 shows the correspond-
ing dark matter fractions within re, following the definition for fDM
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Figure 4. Compilation of spherically averaged mass distributions for the sample galaxies, sorted by increasing Mtot,e. In each panel, the solid black line shows
the total mass profile obtained from the best reconstructed model, and the dashed black line indicates the maximal luminous mass profile calculated under
the maximum bulge (i.e. minimum halo) hypothesis (see Sect. 4.2.1). The solid red line shows the luminous mass profile rescaled using the value for stellar
mass determined from SPS analysis (Auger et al. 2009), adopting a Salpeter IMF. The red-shaded region represents the corresponding uncertainty (i.e., the
standard deviation of the marginalized posterior for the stellar mass). The blue curves and regions have the same meaning, but are obtained with a Chabrier
IMF. The vertical lines indicate the location of the effective radius (dotted line), the Einstein radius (dashed line) and the outermost boundary of the kinematic
data (dash-dotted line).
given above in § 4.2.1 and replacing Mmb∗,e with the stellar masses
M Chab∗,e and M
Salp
∗,e for Chabrier and Salpeter IMFs, respectively.
We find that, independently of the specific choice of the IMF,
there is a significant correlation (greater than 3-sigma) between the
dark matter fraction within re and the total mass (the parameters
of the fit are given in Table 3). Such a correlation was first ob-
served, in the SLACS sample, by Auger et al. (2010a). Their result
is confirmed and strengthened by the present study, where we con-
duct a more rigorous and detailed joint analysis on a sub-sample
of SLACS galaxies, taking advantage of the extended kinematic
information (rather than an estimate of the stellar velocity disper-
sion σSDSS within a single 3 arcsec diameter aperture), and self-
consistently including axial symmetry and stellar anisotropy in the
model, and we reach analogous conclusions.
The normalization based on the stellar masses inferred from
Salpeter IMF produces a luminous profile that, when compared to
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Table 2. Recovered masses, dark matter fractions and dynamical quantities for the sixteen sample SLACS lens galaxies.
Galaxy name log Mtot,eM⊙ M∗/L⊙,B f
mb
DM f ChabDM f
Salp
DM v/σ jz λR δ γ
SDSS J0037−0942 11.50 4.85 0.23 0.66+0.04
−0.05 0.40
+0.08
−0.09 0.08 0.25 0.05 0.16 −0.37
SDSS J0216−0813 11.97 9.80 0.17 0.83+0.03
−0.03 0.70
+0.04
−0.05 0.04 0.12 0.02 0.08 −0.17
SDSS J0912+0029 11.91 9.00 0.30 0.77+0.03
−0.04 0.59
+0.06
−0.07 0.12 0.23 0.13 0.07 −0.15
SDSS J0935−0003 11.97 7.17 0.12 0.81+0.03
−0.03 0.67
+0.05
−0.06 0.10 0.17 0.03 0.24 −0.64
SDSS J0959+0410 10.99 7.63 0.30 0.71+0.04
−0.05 0.49
+0.07
−0.08 0.49 0.65 0.42 −0.16 0.27
SDSS J1204+0358 11.14 7.55 0.02 0.57+0.06
−0.08 0.23
+0.10
−0.11 0.03 0.07 0.03 0.09 −0.19
SDSS J1250+0523 11.29 3.55 0.05 0.35+0.10
−0.11 −0.14
+0.17
−0.20 0.15 0.16 0.09 0.22 −0.56
SDSS J1251−0208 11.27 3.56 0.46 0.67+0.05
−0.07 0.43
+0.10
−0.11 0.82 0.81 0.66 −0.36 0.53
SDSS J1330−0148 10.29 5.55 0.05 0.51+0.06
−0.07 0.15
+0.11
−0.12 0.52 0.49 0.48 −0.05 0.09
SDSS J1443+0304 10.62 4.04 0.01 0.32+0.09
−0.10 −0.20
+0.16
−0.18 0.36 0.60 0.37 0.13 −0.30
SDSS J1451−0239 11.11 4.04 0.12 0.51+0.07
−0.09 0.19
+0.10
−0.12 0.10 0.31 0.05 0.15 −0.35
SDSS J1627−0053 11.37 4.85 0.21 0.50+0.09
−0.11 0.12
+0.16
−0.20 0.07 0.18 0.06 0.16 −0.38
SDSS J2238−0754 11.16 5.91 0.08 0.62+0.05
−0.06 0.33
+0.09
−0.10 0.43 0.66 0.42 −0.18 0.30
SDSS J2300+0022 11.44 7.22 0.23 0.69+0.05
−0.05 0.45
+0.08
−0.10 0.03 0.15 0.02 0.08 −0.17
SDSS J2303+1422 11.51 7.48 0.04 0.69+0.04
−0.05 0.46
+0.07
−0.08 0.05 0.19 0.04 0.14 −0.31
SDSS J2321−0939 11.27 4.81 0.12 0.51+0.08
−0.10 0.13
+0.15
−0.18 0.06 0.08 0.06 0.15 −0.36
Note. For each galaxy we list: the logarithm of the total mass Mtot,e enclosed within the three-dimensional radius re; the stellar mass-to-light ratio (in the
B-band) corresponding to the maximal luminous profile; the fraction of dark over total mass within re for the maximum bulge assumption ( f mbDM ) and for
the Chabrier and Salpeter IMFs ( f ChabDM and f
Salp
DM , respectively); the inclination-corrected v/σ ratio; the dimensionless angular momentum jz; the Emsellem
kinematic parameter λR; the global anisotropy parameters δ and γ.
Chabrier, is always closer to the one determined under the maxi-
mum bulge assumption, and in several cases is fully consistent with
it.6 For two systems, SDSS J1250 and in particular SDSS J1443,
this luminous profile (including the error band) locally exceeds the
maximum bulge curve, indicating that it unphysically overshoots
the total mass in places, thus producing the two negative fDM points
in Figure 6. Taken at face value, this would lead to the conclu-
sion that the Salpeter relation constitutes an inadequate IMF for
these two galaxies (and therefore must be rejected for all systems if
we assume the IMF to be universal), whereas the Chabrier IMF —
which gives lower stellar masses by almost a factor of 2 — never
fails to produce physical results. However, it must be noted that in
both cases the lower limit of the error band is only slightly higher
(. 5 per cent) than the maximal luminous curve, and the adopted
uncertainties represent 1-σ errors (see Auger et al. 2009 for the de-
tails of how these uncertainties are calculated within a Bayesian
framework). Moreover, several systematic effects (such as the cir-
cularization of the profile and the discreteness of the TIC building
blocks used to construct the model galaxy) might interfere at the
few per cent level with the minute details of the reconstructed lu-
minous profile. Therefore, we conservatively conclude that all the
analyzed systems are consistent with having stellar masses deter-
mined from a Salpeter-like IMF.7
6 The SLACS lens galaxy SDSS J0728 (analyzed in Barnabe` et al. 2010),
which has kinematic maps obtained from Keck spectroscopy, represents,
however, an exception to this trend, in the sense that for that galaxy the
luminous mass profile obtained with a Chabrier IMF almost coincides with
the maximum bulge determined one. We note that this systems lies close to
the low end of the probed range in velocity dispersion.
7 The situation, i.e. a recovered luminous profile slightly overshooting the
With a Salpeter IMF, the recovered dark matter fraction for
systems having total masses log(Mtot,e/M⊙) . 11.5 spans from 0
to ∼ 50 per cent, whereas the three most massive galaxies are al-
ready dominated by dark matter ( fDM is approximately 60 to 70 per
cent) inside 1 re. The average and median dark matter fractions are,
respectively, f SalpDM = 31 and 37 per cent. The importance of the dark
component becomes even more extreme if a Chabrier IMF is con-
sidered (average f ChabDM = 61 per cent, median f ChabDM = 64 per cent),
with the luminous component contributing less than 50 per cent to
Mtot,e in all systems but two.
It has been suggested that the IMF is not univer-
sal but becomes systematically ‘heavier’ for more mas-
sive galaxies (see Treu et al. 2009, Auger et al. 2010b,
van Dokkum & Conroy 2010, Thomas et al. 2011; but see
also Napolitano, Romanowsky, & Tortora 2010 for a different
conclusion). The data presented here are consistent with this fact
and cannot resolve the degeneracy between varying IMF and
varying dark matter fraction, as we discuss in Section 6.
5 DYNAMICAL STRUCTURE
A major strength of the method described in Sect. 3 is that the caul-
dron algorithm also provides, for each analyzed galaxy, the associ-
ated (weighted) two-integral stellar DF, which constitutes the most
general and complete description of the dynamical structure of the
system within the context of the adopted model. The DF can equiv-
alently be represented as a bi-dimensional map of the TIC weights
physical limit of the maximum bulge, and the conclusions are analogous for
the Keck system SDSS J0728 mentioned above.
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Figure 7. Best model reconstruction of the weighted two-integral DFs of the sample galaxies. The value of each pixel represents the relative contribution of
the corresponding TIC to the luminous mass of the galaxy. The galaxies are sorted by increasing values of the specific angular momentum parameter jz.
in the integral space (E, Lz): the value of each pixel simply indi-
cates the relative stellar-mass contribution due to the TIC building
block of corresponding energy and angular momentum.
Figure 7 shows the maps of the TIC weights that are ob-
tained for the best-reconstructed model (i.e., the MAP model) of
each lens galaxy. In keeping with the analysis of SDSS J0728
(Barnabe` et al. 2010), the most recent study of a lens galaxy per-
formed with cauldron, we make use of a library composed of 360
TICS: for each one of the NE = 20 elements logarithmically sam-
pled in the circular radius Rc (corresponding to a grid in energy, see
Barnabe` & Koopmans 2007) we consider NLz = 9 elements linearly
sampled in the normalized angular momentum 0 6 Lz/Lz,max 6 1,
and the mirrored negative Lz/Lz,max values. Although a grid of
(NE = 10) × (NLz = 5) has been shown to be generally suffi-
cient to provide a satisfactory reconstruction of the observables
(Barnabe` et al. 2009a), a finer grid does a better job in reducing
the undesired discreteness effect of the TIC superposition (e.g. on
the surface brightness, kinematic and local 〈vϕ〉/σ¯ maps).
The DF encapsulates the description of the stellar component
of the galaxy in an very compact way, which can not be straightfor-
c© 0000 RAS, MNRAS 000, 000–000
12 M. Barnabe` et al.
f D
M
log (Mtot,e / 1010 Msun)
-0.4
-0.2
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  0.5  1  1.5  2
Figure 6. Dark matter fractions versus the total mass enclosed within
the three-dimensional radius re. The upwards black triangles indicate the
dark matter fraction lower limits calculated from the maximum bulge ap-
proach. The full circles show the dark matter fractions obtained when lu-
minous masses are determined via SPS analysis, assuming Salpeter (red) or
Chabrier (blue) IMFs. The dashed lines are linear fits to the relation, calcu-
lated including intrinsic scatter (which is indicated by the coloured bands).
Table 3. Summary of linear relations derived for the SLACS lenses.
X Y Slope Intercept Scatter
log(Mtot,e) γ′ −0.16 ± 0.09 2.29 ± 0.13 0.14+0.06−0.01
log(Mtot,e/r3e ) γ′ 0.16 ± 0.09 1.94 ± 0.08 0.14+0.06−0.01
log(Mtot,e) f ChabDM 0.22 ± 0.04 0.35 ± 0.06 0.05+0.04−0.03
log(Mtot,e) f SalpDM 0.39 ± 0.08 −0.13 ± 0.12 0.10+0.06−0.04
Note. The mass Mtot,e is in units of 1010M⊙, while the density Mtot,e/r3e is
in units of 108M⊙ kpc−3 .
wardly decoded at a glance. Therefore, we now proceed to distill
much of that information into more directly interpreted quantities
of astrophysical interest that characterize the dynamical status of
the system on a global and local level, i.e. the ratio between or-
dered and random motions, the specific angular momentum and the
global anisotropy of the stellar velocity dispersion tensor.
5.1 Global and local v/σ
Figure 8 shows the location of the sixteen analyzed lens galaxies
on the model version of the classical (v/σ, ǫ) diagram. The quantity
v/σ is commonly used as a global indicator of the importance of
ordered motions (i.e. rotation) with respect to random motions in a
stellar system. For each galaxy we calculate the ratio v/σ, corrected
to an edge-on view, from the two-dimensional kinematic maps of
the best reconstructed model, following the prescriptions of Binney
(2005) for extended kinematic data sets. The ratio is plotted against
the inclination-corrected ellipticity of the light distribution ǫ∗ ≡ 1−
q∗, where q∗ is the axial ratio introduced in Sect. 3.4.2.
We find that the dynamics of most systems is clearly domi-
nated by random motions, with v/σ 6 0.15, while rotation plays
a significant role in the remaining five galaxies. The members of
the latter group have several common characteristics, beyond being
above a v/σ ratio of 0.35: (i) they are all fast rotators, according to
both the definition of Emsellem et al. (2007) and their specific an-
gular momentum content (as discussed below in Sect. 5.2); (ii) they
are quite flattened in the light (having 0.38 < q∗ < 0.74); (iii) they
belong to the lower half of the sample in terms of Mtot,e, includ-
ing, moreover, the three least massive galaxies of the whole sample
(namely, SDSS J1330, SDSS J1443 and SDSS 0959).
As a comparison to the SLACS systems, Figure 8 also dis-
plays the location on the diagram of a sub-sample of 24 SAURON
early-type galaxies, whose observables have also been corrected for
inclination, analyzed by Cappellari et al. (2007). The two samples
generally occupy similar positions in the (v/σ, ǫ) space, although
the SLACS galaxies lack the most extreme cases (such as the very
flattened slow rotator NGC 4550 and the fast rotator NGC 3156
with a v/σ ∼ 1) and show a sharper transition between dispersion-
and rotation-dominated systems. This, however, is likely a con-
sequence of the limited number of fast rotating galaxies present
among the SLACS sample, mainly comprised of massive systems
(σSDSS & 200 km s−1) which tend to be slow rotators.
From the stellar DF it is also possible to derive a description of
the intrinsic kinematics of the galaxy by using the internal velocity
moments to define — at each point (R, z) in the meridional plane —
the quantity 〈vϕ〉/σ¯, where 〈vϕ〉 is the local mean azimuthal velocity
(i.e. around the symmetry axis) and σ¯2 ≡ (σ2R + σ2ϕ + σ2z )/3 is the
mean velocity dispersion. This ratio can be interpreted as a local
and intrinsic analogue of the global indicator v/σ, since it charac-
terizes the importance of rotation with respect to random motions at
each position inside the galaxy. Figure 9 shows the 〈vϕ〉/σ¯ maps for
all the sample galaxies, extending up to re/2 and sorted by increas-
ing specific angular momentum jz (see Sect. 5.2). For visualization
purposes, and in particular to make the comparison among fast ro-
tators easier, the maps are presented as having the same sense of
rotation (where applicable).
By examining the 〈vϕ〉/σ¯ maps, the sample galaxies clearly
fall into two broad groups on the basis of their dynamical status.
The first 11 systems are overall dominated by random motions; in
a few systems, such as SDSS J0935 and SDSS J1451, islands of
moderate rotation (|〈vϕ〉|/σ¯ ≈ 0.5) are present, but remain confined
to small, spatially limited regions. What sets apart the remaining
five galaxies, on the other hand, is the presence of strong rotation
on a large scale pattern. This structural difference reflects the clas-
sification of the two groups as, respectively, slow and fast rotators.
Guided by the intuition provided by these maps, in the next Sec-
tion we provide a more quantitative criterion, based on the angular
momentum content, to specify to which one of the two groups the
modelled galaxies belong.
5.2 The angular momentum of slow and fast rotators
We recall the definition of the dimensionless specific angular mo-
mentum of the stellar component jz (see Barnabe` et al. 2009a):
jz ≡
∫
ρ∗R |〈vϕ〉| d3 x∫
ρ∗R
√
〈vϕ〉
2
+ σ¯2 d3 x
, (9)
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Figure 9. Maps of the local 〈vϕ〉/σ¯ ratio between the mean rotation velocity around the z-axis and the mean velocity dispersion, plotted up to Re/2 in the
positive quadrant of the meridional plane. As in Fig. 7, the galaxies are sorted by increasing jz.
where ρ∗ =
∫ f d3u is the density of the luminous component ob-
tained from the MAP model stellar DF f . For each galaxy in the
sample, we carry out this integral up to re/2, tabulating the results
in Table 2. We find that the galaxies can be neatly divided in two
groups depending on the value of the quantity jz: on one side 11
low angular momentum systems, with jz . 0.3, and on the other
side five objects with jz ≃ 0.5 or greater. By comparing with the
local 〈vϕ〉/σ¯ maps, we see that these five systems are also the only
ones that clearly exhibit large scale rotation. Therefore, we choose
to classify the galaxies on the basis of their specific angular mo-
mentum content by labelling as slow and fast rotators the systems
that are, respectively, below and above jz = 0.4.
In Figure 10 we plot, for each system, jz versus the quan-
tities v/σ (inclination-corrected, Sect. 5.1) and λR, computed on
the kinematic data set of the best reconstructed model. The ob-
servational parameter λR was first introduced by Emsellem et al.
(2007) as a consistent way to quantify the specific stellar angu-
lar momentum (in projection) of an early-type galaxy for which
two-dimensional kinematic maps are available, and its value is em-
ployed as the criterion to discriminate between slow (λR < 0.1) and
fast (λR > 0.1) rotating systems. The model quantity jz is, by con-
struction, the three-dimensional and intrinsic analogue of λR. Fig-
ure 10 shows that classifying the rotators on the basis of either of
these two parameters yields fully equivalent results for all galaxies
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Figure 8. Model (v/σ, ǫ) diagram for the sixteen lens galaxies in our sam-
ple (open circles), divided in fast and slow rotators (blue and red points,
respectively); ǫ∗ is the intrinsic ellipticity of luminous distribution, and v/σ
is calculated from the best model, corrected to an edge-on inclination. As
a comparison, the plot also shows, as full circles, the corresponding quan-
tities (also corrected for inclination) for the 24 nearby SAURON ellipticals
studied in Cappellari et al. (2007). The solid line represents the location of
edge-on isotropic rotators (assuming α = 0.15, see Binney 2005).
but one, SDSS J0912. We have already singled out this system (in
Sect. 4) as the only one for which the kinematic maps do not reach
half of the effective radius. The misclassification of SDSS J0912
can be ascribed to the spatially limited data set, since slow rotators
commonly show decreasing λR profiles for R/Re . 0.5, and thus
the parameter can exceed the threshold value of 0.1 in the inner
regions (see Emsellem et al. 2007 and in particular their Figure 2).
It is worth noting that, for slow rotators, the spread in λR is
much smaller than the spread in jz, indicating that the latter con-
stitutes a better discriminator of the intrinsic properties of these
systems.
5.3 Global velocity dispersion tensor
The global stellar velocity dispersion tensor constitutes a useful
and concise characterization of the overall dynamical structure of
a stellar system. It is customary to describe its shape by means
of the three global anisotropy parameters (Cappellari et al. 2007;
Binney & Tremaine 2008)
β ≡ 1 − Πzz
ΠRR
, γ ≡ 1 −
Πϕϕ
ΠRR
and δ ≡ 1 − 2Πzz
ΠRR + Πϕϕ
, (10)
where we denote the total unordered kinetic energy along the coor-
dinate direction k as
Πkk =
∫
ρ∗σ
2
k d3 x , (11)
and σ2k(x) ≡ 〈v2k〉−〈vk〉2 is the local stellar velocity dispersion in the
k direction. For a fully isotropic object the values of all three pa-
rameters become zero. If the galaxy is only isotropic in the merid-
ional plane, then β = 0 and the remaining parameters are related
by γ = 2δ/(δ − 1). The latter scenario is the one that applies to
the galaxy models considered in this analysis, since, for any ax-
isymmetric collisionless system supported by a two-integral DF,
〈v2R〉 = 〈v
2
z 〉 everywhere, the meridional velocities 〈vR〉 and 〈vz〉 are
null, and therefore ΠRR = Πzz.
The values of the global parameters δ and γ for the SLACS
galaxies, calculated within re/2, are reported in Table 2. The slow
rotators are all mildly anisotropic, quite similarly to what is found
for their nearby counterparts (Cappellari et al. 2007): the values
of δ fall between 0.05 and 0.25, and δ . 0.15 for most systems.
The fast rotating galaxies, with the exception of SDSS J1443, ex-
hibit instead negative δ values. This is a consequence of the adopted
dynamical model: due to the isotropy in the meridional plane, it fol-
lows from Eq. (10) that every system for which σ2ϕ < σ2R over most
of the luminosity density-weighted volume (so that Πϕϕ < ΠRR) is
characterized by δ < 0, i.e. is anisotropic in the sense of having
a smaller pressure along the equatorial plane than perpendicular
to it. Moreover — within the approach of modelling based on TIC
superposition — very fast rotating systems tend to have small az-
imuthal velocity dispersions σ2ϕ, since their dynamical description
is dominated by co-rotating TIC building blocks of similar angular
momentum. This can be more easily illustrated by considering the
limiting case of a hypothetical system described by a single TIC:
for this simple object one has 〈v2ϕ〉 = 〈vϕ〉2, and thus σ2ϕ = 0, ev-
erywhere in the meridional plane within the zero-velocity curve,
so that δTIC = −1 and γTIC = 1. It is not surprising, therefore,
that the three fastest rotating galaxies in the sample (SDSS J0959,
SDSS J2238 and SDSS J1251) are all found to have clearly negative
values of δ.
6 DISCUSSION
The study presented in this paper represents the most detailed anal-
ysis conducted so far of the total mass density profile of a relatively
large sample of E/S0 galaxies beyond the local Universe, making
consistent use of axially symmetric density distributions for both
the lensing and dynamical modelling, and taking advantage of the
constraints provided by two-dimensional kinematic information.
6.1 Total density profile
The results of this work corroborate the mounting evidence (see
Sect. 1) that the inner regions (on the scale of the effective radius) of
massive early-type galaxies are characterized by an approximately
isothermal total density distribution (i.e., ρtot ∝ r−γ′ , with γ′ ≈ 2),
a property often referred to as the ‘bulge–halo conspiracy’. This
name owes to the fact that there appears to be no obvious physical
explanation of why the luminous and dark matter components of
each system, despite not obeying a power-law distribution, should
often ‘conspire’ to produce a nearly 1/r2 total profile.
By examining individual lens galaxies in great detail, how-
ever, we can conclude that the purported conspiracy only holds in
first approximation: even though we provide confirmation that all
systems, quite remarkably, can be effectively modelled by a simple
and smooth single power-law profile for ρtot, the average logarith-
mic slope is found to be 〈γ′〉 = 2.074+0.043
−0.041, i.e. slightly (but signifi-
cantly) super-isothermal. Moreover, and perhaps more importantly,
different galaxies do exhibit noticeably different slopes, with an in-
trinsic scatter in 〈γ′〉 of about 7 per cent. These results are in agree-
ment with the findings of Koopmans et al. (2009) and Auger et al.
(2010a) for the full sample of SLACS lenses, obtained by making
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Figure 10. The intrinsic dynamical parameter jz versus the inclination-
corrected v/σ ratio (top panel) and the Emsellem kinematic parameter λR
(bottom panel) for the sixteen SLACS lens galaxies in the sample. The cir-
cles and diamonds indicate, respectively, the slow and fast rotating systems
classified according to the Emsellem et al. (2007) definition of the threshold
value that divides the two types, i.e. λR = 0.1 (horizontal dashed line). The
red and blue symbols denote the slow and fast rotators when the galaxies are
classified on the basis of the dimensionless angular momentum (threshold
value jz = 0.4, vertical dotted line). The two classifications produce fully
equivalent results for all systems barring SDSS J0912 (indicated with the
red diamond), which is the galaxy with the most spatially limited kinematic
maps (see text).
use of spherical Jeans models for the dynamics, constrained by a
single kinematic measurement, i.e. the stellar velocity dispersion
σSDSS inside the 3 arcsec diameter SDSS fiber. This indicates that
the combined lensing and dynamics approach is a generally robust
method to determine the total density distribution of a sample of
lens galaxies, even when a very simple (and not fully consistent)
dynamical model is employed. The values of the logarithmic slope
obtained for individual systems with the two methods — that we
denote here as γ′2I and γ′Jeans — can differ by up to about 10-15 per
cent, as illustrated in Figure 11. This discrepancy is typically of
the order of the 1-σ errors in γ′Jeans but, in most cases, much larger
than the few per cent uncertainties on γ′ obtained with this study,
stressing the importance of having access to two-dimensional kine-
matic data sets and more sophisticated dynamical models when a
precise measurement of a lens galaxy density profile is called for. It
is interesting to note that another joint lensing and dynamics study
conducted by Ruff et al. (2011) on a different sample of 11 massive
early-type galaxies from the Strong Lenses in the Legacy Survey
(SL2S) at a higher redshift (median zlens = 0.5) also finds an av-
erage slope and an intrinsic scatter consistent with the results pre-
sented here.
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Figure 11. Comparison between the total density logarithmic slope γ′2I of
the sample lens galaxies obtained from the analysis conducted in this pa-
per, making use of two-integral dynamical models and VLT VIMOS inte-
gral field spectroscopy, and the slope γ′Jeans derived by Auger et al. (2010a),
using spherical Jeans models and a single kinematic measurement. Red
and blue points denote, respectively, slow and fast rotators. The dashed
line traces the one-to-one relationship. For both γ′2I and γ
′
Jeans, the uncer-
tainties represent the 68 per cent confidence interval. The slope of galaxy
SDSS 1251 is not listed, as it was not included in the Auger et al. (2010a)
sample of early-type systems.
It has been well established by N-body cosmological simu-
lations that dissipationless processes produce inner density distri-
butions with logarithmic slopes γ′ ≈ 1 (e.g. Navarro et al. 1996)
or even shallower (e.g. Graham et al. 2006; Navarro et al. 2010).
Moreover, subsequent dissipationless merging (i.e., dry merging)
preserves the steepness of the inner density profile (Dehnen 2005;
Kazantzidis et al. 2006). It follows, therefore, that the interplay
between dark matter and the baryonic component, with its com-
plex dissipative processes, plays a key role and must be taken
into account in order to explain the emergence of the isothermal
profile in the inner regions of galaxies. Numerical work (see e.g.
Gnedin et al. 2004, Abadi et al. 2010 and references therein) on
the response of dark matter to the condensation of baryons does
indeed show that the assembly of a central galaxy makes the halo
significantly more concentrated, producing a steeper total density
slope. The high-resolution simulations of moderately massive sys-
tems (with halo masses comparable to that of the Milky Way) car-
ried out by Tissera et al. (2010), which include a detailed treatment
of baryonic processes, reveal a nearly isothermal profile over a rel-
atively large radial range extending up to the baryonic radius (de-
fined as the radius containing 83 per cent of the stellar and gaseous
component of the galaxy, i.e. the region within which the baryons
play an important role). Aside from this general global result, how-
ever, the details of the density distribution are largely determined
by the specific assembly history of each system. This suggests
that the observed scatter in the γ′ values of the SLACS lenses is
a consequence of the idiosyncratic formation histories of the in-
dividual galaxies, and can potentially provide information on the
processes involved in their build-up. Once the isothermal struc-
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ture is in place, dissipationless mergers — both major and minor —
preserve it not only in the inner regions, but throughout the systems
(Nipoti, Treu, & Bolton 2009). We stress, however, that, even in the
case of a nearly perfectly 1/r2 seed distribution, this process pro-
duces a non-negligible scatter of about 10 per cent in the logarith-
mic slope (i.e. comparable to the observed level), which overlaps
with the scatter that, potentially, might have been present in the
parent (pre- dry mergers) density distribution, further complicating
the task of reconstructing the galaxy formation history.
6.2 Mass and dynamical structure
Another defining property of early-type galaxies that we have
aimed to quantify in this study is the fractional amount of dark
matter that is present in the systems’ central regions. If the assump-
tion of a constant stellar mass-to-light ratio holds, at least within
the inner Re or so, then most of the analyzed systems do require
a non-negligible fraction of dark matter ( fDM greater than 10 per
cent) even when the contribution of the luminous component is
maximized ad hoc, without any concerns for the plausibility of the
M∗/L⊙,B ratios involved in the rescaling. In other words, what is
shown by this ‘maximum bulge’ approach is that the mass-follows-
light hypothesis is necessarily violated in the majority of cases.
Adopting a physically motivated rescaling of the luminous
profile — based on the stellar masses inferred from SPS models —
leads to interesting results.
First of all, in agreement with previous work on the SLACS
lenses (Koopmans et al. 2006; Bolton et al. 2008b; Auger et al.
2010a; Barnabe` et al. 2010), we find a significant amount of dark
matter within the galaxy inner regions: in the case of a Salpeter
IMF, the average fDM is 31 per cent, with a wide variation
within individual objects, ranging from galaxies consistent with
having no dark matter, to systems where the baryonic compo-
nent accounts for less than half of the total mass already at re.
These values are broadly consistent with the results of earlier dy-
namical studies of nearby early-type galaxies employing a vari-
ety of different techniques and assumptions (Gerhard et al. 2001;
Cappellari et al. 2006; Thomas et al. 2007; Weijmans et al. 2008;
Tortora et al. 2009), which find dark matter fractions inside one
half-light radius varying from 0 to about 50 per cent of the to-
tal mass, with a typical average value close to 30 per cent. If we
prescribe, instead, an IMF lighter than Salpeter — as advocated for
example by Cappellari et al. 2006 based on their analysis of the
SAURON ellipticals, which have lower velocity dispersions than
the SLACS lenses considered here — then the dark component be-
comes the dominant one in the central regions for almost all sys-
tems (average fDM is 61 per cent with a Chabrier IMF), in strik-
ing contrast with the traditional picture of early-type galaxies. It is
worth noting that similarly abundant dark matter contents within
the galaxy inner regions are commonly found by studies of E/S0
galaxies that adopt a Chabrier-like IMF: Grillo (2010), e.g., cal-
culates a median value of 64 per cent (in projection) within 1 Re
for a large sample of 1.7 × 105 massive SDSS early-type galaxies.
Tortora et al. (2009), applying spherical Jeans models to a homo-
geneous sample of 335 local E/S0 systems, derive a fDM ∼ 60 per
cent. Weijmans (2009) performs a sophisticated dynamical analysis
of the nearby galaxy NGC 2549 using high-quality photometry and
extended kinematic maps and finds, likewise, a dark matter fraction
of 65 per cent within the half-light radius by adopting a Kroupa
(2001) IMF.
The second relevant result is the non-negligible positive cor-
relation between the derived dark matter fraction and the total mass
enclosed within re. This relation is in agreement with the results of
the Padmanabhan et al. (2004) study of a sample of about 30,000
SDSS ellipticals, and with the findings of Tortora et al. (2009)
and Graves & Faber (2010) at lower redshift. Conversely, Grillo
(2010) — by determining the stellar masses from SDSS multicolor
photometry and the total mass from a simple dynamical relation,
under the assumption that the galaxies can be described as spheri-
cal and isothermal systems — comes to a different conclusion, i.e.
that the (projected) dark matter fraction within the half-light radius
remains almost constant for values of the total mass between a few
1010 and ∼ 1012 M⊙.
If the IMF is truly universal, then the trend for fDM implies a
genuine increase of the dark matter contribution with Mtot,e, and for
the most massive ellipticals the stars represent a minority compo-
nent, even in the central regions (cf. Sect. 4.2.2). However, an al-
ternative explanation is possible if the IMF varies with galaxy mass
from a Chabrier/Kroupa-like functional form to a Salpeter-like one
(Treu et al. 2010; see also Auger et al. 2010b), or even to a steeper
low-mass end slope, as argued by van Dokkum & Conroy (2010)
for the most massive systems (i.e., σ & 250 km s−1, which would
include many of the objects studied here). We note, however, that
the results from the SLACS survey only imply a mass-to-light ra-
tio that is higher than expected for a Chabrier or Kroupa IMF. The
excess mass can be provided by low mass stars (as in the case of a
Salpeter IMF, as advocated by, e.g., van Dokkum & Conroy 2010),
or by high mass stars remnants, in the form of neutron star and
black holes (Treu et al. 2010; Auger et al. 2010b).
Finally, in terms of dynamical structure, the SLACS lenses
present no surprises, and are found to be very similar to their lo-
cal counterparts as observed, e.g., by SAURON (Emsellem et al.
2007; Cappellari et al. 2007). More than two-thirds of the galax-
ies are slow-rotating objects, as a consequence of the sample be-
ing skewed towards the high velocity dispersion end. The five fast-
rotators largely coincide with the low mass tail of the sample, and
all of them are high angular momentum systems, with λR well
above 0.1, and very clearly identified as such when their 〈vϕ〉/σ¯
meridional plane maps are examined. The dark matter fraction of
the fast-rotators is consistent with the general trend, and they do
not appear as a different population in terms of fDM, as suggested
by Cappellari et al. (2006).
There is tentative evidence that fast-rotating galaxies are sys-
tematically more flattened in the luminous distribution than in the
total density profile, despite the fact that these systems — as dis-
cussed above — are among the least massive in the sample and thus
likely to be the ones where the baryonic component is most impor-
tant. This would then imply that these objects lie in dark haloes
whose central regions are significantly rounder than the light we
observe. Such a scenario appears to be in general agreement with
the results of numerical simulations (e.g. Debattista et al. 2008;
Abadi et al. 2010), which show that the assembly of massive high
angular momentum galaxies changes the dark halo into nearly ax-
ially symmetric, slightly oblate systems over a wide radial range.
The question of whether there is an actual structural difference be-
tween the dark haloes of slow and fast rotators, however, remains
pending.
7 SUMMARY
In this work we have conducted a combined, self-consistent grav-
itational lensing and stellar dynamics analysis of the full sample
of SLACS lens systems with available VLT VIMOS integral-field
c© 0000 RAS, MNRAS 000, 000–000
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spectroscopic data, employing axially symmetric dynamical mod-
els supported by two-integral DFs. This is integrated with the con-
straints from stellar mass estimates derived from SPS analysis of
multiband HST imaging. The application of these modelling tools
on this remarkable data set has enabled us to investigate in de-
tail the properties and three-dimensional structure of the consid-
ered sample of sixteen early-type galaxies in the redshift range
z = 0.08 − 0.35.
This study represents an improvement over previous joint
lensing and dynamics analyses (which adopt dynamical models
based on Jeans equations) and constitutes, in a sense, an extension
beyond the local Universe of SAURON-type studies of the inner re-
gions of E/S0 galaxies. Although the detailed kinematic maps avail-
able for nearby systems are clearly superior to the corresponding
data sets currently obtainable for objects at z & 0.1, the additional
information derived from gravitational lensing provides an invalu-
able asset for the study of distant galaxies, which allows us to put
robust constraints on their mass distribution and amount of dark
matter within the probed regions.
The main conclusions from this analysis are summarized as
follows.
(i) The total mass density distribution of all the sample galaxies
is well described, within the inner regions probed by the data sets
(of order one half-light radius), by an axially symmetric power-law
model. The average logarithmic slope is slightly super-isothermal,
with 〈γ′〉 = 2.074+0.043
−0.041; there is an intrinsic scatter σγ′ = 0.144+0.055−0.014
(corresponding to less than 10 per cent) around this value.
(ii) We find that the lens galaxies have a fairly round total mass
distribution: the average axial ratio is 〈q〉 = 0.77 ± 0.04 and —
while there are significant differences between individual systems,
with an intrinsic scatter of nearly 20 per cent — all objects, barring
one, are rounder than q = 0.6. Most galaxies are about as flattened
in the total distribution as they are in the luminous one.
(iii) The lower limit for the fraction of dark over total mass
within the three-dimensional radius re (calculated with the maxi-
mum bulge approach under the assumption of constant stellar mass-
to-light ratio inside the considered region) varies significantly be-
tween individual systems from nearly zero to almost 50 per cent,
with an average value fDM = 16 per cent (median value: fDM = 12
per cent). The M∗/L⊙,B ratios corresponding to these maximal light
profiles range from 3 to almost 10.
(iv) When the normalization of the luminous profile is set using
stellar mass determinations obtained from SPS models, under the
assumption of a universal IMF of the Salpeter type, we derive an
average dark matter fraction f SalpDM = 31 per cent inside re (median
value: f SalpDM = 37 per cent). None of the analyzed galaxies has a
luminous mass distribution strongly at odds with the assumption of
a Salpeter IMF (the luminous profile does exceed unphysically the
circularized total mass profile for two systems, but in both cases the
discrepancy is just a few per cent above the 1-σ uncertainty).
If one adopts a Chabrier IMF the recovered dark matter frac-
tion becomes much higher, i.e. f ChabDM = 61 per cent (median value:
f ChabDM = 64 per cent), which would imply that the stars represent a
minority mass component even in the inner regions of early-type
galaxies.
(v) If the stellar masses are determined in this way, i.e. assuming
a universal IMF, then the derived fDM shows a clear correlation
(3-sigma) with Mtot,e, in the sense that the dark matter contribution
increases with the total mass of the galaxy, becoming — even in the
case of Salpeter IMF — the dominant component within re for the
most massive ellipticals (i.e. the systems with log[Mtot,e/M⊙] &
11.5). If the IMF is not universal, than a progressive steepening of
its profile with the galaxy total mass could explain, at least partially,
the observed trend.
(vi) The SLACS lenses can be divided into two dynamically
distinct groups based on the value of their specific angular mo-
mentum parameter jz (which we can introduce based on our three-
dimensional models): about two-thirds of the galaxies are domi-
nated by random motions and show little large-scale ordered ro-
tation (0 . jz . 0.3), whereas the remaining five, all of which
are among the least massive systems in the sample, are high an-
gular momentum objects ( jz ≃ 0.5 and above). These two groups
correspond to the standard classes of slow and fast rotators, as re-
vealed by several other properties (e.g. mass range, flattening, the
Emsellem parameter λR), and in particular by the characteristics of
the respective 〈vϕ〉/σ¯ maps, which illustrate the local distribution of
ordered-to-random motions ratios in the meridional plane. For slow
rotators, the spread in jz is much larger than the spread in λR, sug-
gesting that the specific angular momentum parameter is a better
discriminator of the intrinsic properties of these systems.
(vii) Our analysis shows that the SLACS lens systems are over-
all analogous to their local Universe counterparts in terms of den-
sity profile and global structural and dynamical properties. This in
turn indicates that massive early-type galaxies have experienced at
most limited structural evolution, at least as far as their inner re-
gions are concerned, within the last four billion years.
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APPENDIX A: BEST MODEL RECONSTRUCTIONS FOR
THE SAMPLE GALAXIES
In this Appendix we present the data sets (i.e., galaxy-subtracted
lensed image, surface brightness maps and kinematics maps), the
corresponding best model reconstructed observables, and the resid-
uals for eleven systems in the considered sample. The correspond-
ing panels for the remaining five galaxies (namely J0037, J0216,
J0912, J0959 and J1627) were presented in a previous publication
in this series (Barnabe` et al. 2009a) and therefore will not be du-
plicated here. The results for galaxy J2321 were first described
in (Czoske et al. 2008); however, since an improved analysis of
the J2321 kinematic data set has become available, we have re-
analyzed that system and we have included it in the selection pre-
sented here.
A thorough description of the data sets will be provided in a
forthcoming publication (Czoske et al. 2011, in preparation).
Figure A1. Best model lens image reconstruction for the system
SDSS J0935. From the top left-hand to bottom right-hand panel: recon-
structed source model; HST/ACS data showing the lens image after subtrac-
tion of the lens galaxy; lens image reconstruction; residuals. In the panels,
North is up and East is to the right.
Figure A2. Best dynamical model for the galaxy SDSS J0935. First row:
observed surface brightness distribution, projected line-of-sight velocity
and line-of-sight velocity dispersion. Second row: corresponding recon-
structed quantities for the best model. Third row: residuals. In the panels,
North is up and East is to the right.
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Figure A3. Best model lens image reconstruction for the galaxy
SDSS J1204. Panels meaning as in Fig. A1.
Figure A4. Best dynamical model for the galaxy SDSS J1204. Panels mean-
ing as in Fig. A2.
Figure A5. Best model lens image reconstruction for the galaxy
SDSS J1250. Panels meaning as in Fig. A1.
Figure A6. Best dynamical model for the galaxy SDSS J1250. Panels mean-
ing as in Fig. A2.
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Figure A7. Best model lens image reconstruction for the galaxy
SDSS J1251. Panels meaning as in Fig. A1.
Figure A8. Best dynamical model for the galaxy SDSS J1251. Panels mean-
ing as in Fig. A2.
Figure A9. Best model lens image reconstruction for the galaxy
SDSS J1330. Panels meaning as in Fig. A1.
Figure A10. Best dynamical model for the galaxy SDSS J1330. Panels
meaning as in Fig. A2.
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Figure A11. Best model lens image reconstruction for the galaxy
SDSS J1443. Panels meaning as in Fig. A1.
Figure A12. Best dynamical model for the galaxy SDSS J1443. Panels
meaning as in Fig. A2.
Figure A13. Best model lens image reconstruction for the galaxy
SDSS J1451. Panels meaning as in Fig. A1.
Figure A14. Best dynamical model for the galaxy SDSS J1451. Panels
meaning as in Fig. A2.
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Figure A15. Best model lens image reconstruction for the galaxy
SDSS J2238. Panels meaning as in Fig. A1.
Figure A16. Best dynamical model for the galaxy SDSS J2238. Panels
meaning as in Fig. A2.
Figure A17. Best model lens image reconstruction for the galaxy
SDSS J2300. Panels meaning as in Fig. A1.
Figure A18. Best dynamical model for the galaxy SDSS J2300. Panels
meaning as in Fig. A2.
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Figure A19. Best model lens image reconstruction for the galaxy
SDSS J2303. Panels meaning as in Fig. A1.
Figure A20. Best dynamical model for the galaxy SDSS J2303. Panels
meaning as in Fig. A2.
Figure A21. Best model lens image reconstruction for the galaxy
SDSS J2321. Panels meaning as in Fig. A1.
Figure A22. Best dynamical model for the galaxy SDSS J2321. Panels
meaning as in Fig. A2.
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APPENDIX B: UNCERTAINTIES
In this Appendix we present, for all the analyzed systems, the one-
dimensional marginalized posterior PDFs for the considered model
parameters (i, γ′, α0, q), from which the corresponding uncertain-
ties (quoted in the Table 1) are derived.
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(a) J0037 (b) J0216
(c) J0912 (d) J0935
(e) J0959 (f) J1204
(g) J1250 (h) J1251
(i) J1330 (j) J1443
(k) J1451 (l) J1627
(m) J2238 (n) J2300
(o) J2303 (p) J2321
Figure B1. Marginalized posterior probability distribution functions of the power-law model parameters i (inclination), γ′ (logarithmic slope), α0 (lens
strength) and q (axial ratio) for each of the analyzed systems, obtained from the nested sampling evidence exploration (see text, Sect. 3.3). From left to right,
top to bottom, the galaxy are presented in the same order as in Tables 1 and 2.
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